Introduction
The commercial fisheries on the Scotian Shelf began in the mid-1500s, but exploitation has been most intensive over the past 30 years. In 1993, low and declining estimates of cod biomass, recruitment, and abundance (Fanning et al., 1996) resulted in a moratorium in the cod fishery in the eastern shelf. Fishing on the western shelf continues with much-reduced allowable landings, but Sinclair (1998) indicates that demersal fish populations are unlikely to be able to sustain even these reduced levels of harvest.
Although there is ample documentation of the effects of fishing on exploited species, the impacts on fish communities as a whole have been rarely documented. Metrics to track and predict the effects at the community level have not been widely investigated. ICES (1994) proposes two broad categories of metrics: measures of species diversity and of community size structure. Recent work has demonstrated changes in species composition or size structure of demersal fish communities in response to fishing (Sainsbury et al., 1997; Haedrich and Barnes, 1997) .
Some of the demersal fish assemblages on the eastern and western parts of the Scotian Shelf differ, while others span the entire shelf or even transcend its boundaries (Mahon, 1997; Mahon et al., 1998) . Although the ecosystem boundaries are not quite clear, the eastern and western parts have been managed separately since the mid-1970s and show consistent differences in average bottom temperatures (2-4 C in the east; 8-10 C in the deep basins to the west). Zwanenburg et al. (2000) show that trawlable biomass of demersal fish is now at its lowest in both systems and that their average weight in the catch has decreased since 1970. They also indicate that eastern-shelf bottom temperatures declined from the mid-1980s to the mid-1990s to the lowest value observed in 50 years, while in the west they rose to their highest value. The boundary between NAFO Unit areas 4W and 4X serves as the shared boundary between the two systems, and the Fundian and Laurentian Channels as their south-western and north-eastern boundaries, respectively (Figure 1) .
I describe the recent exploitation of the demersal fish assemblages of the Scotian Shelf based on landings and fishing effort, changes in population biomass, and changes in mean weight for target and non-target species based on the results of annual trawl surveys. Finally, I examine the relationship between these faunal changes, fishing, and changes in environmental conditions.
Materials and methods
Design and sampling protocols of the Scotian Shelf summer bottom-trawl surveys are reported in Halliday and Koeller (1981) , while Smith (1996) gives details of estimating biomass from stratified survey data. Estimates of fishing effort for 1977-1992 were taken from Angel et al. (1994) and for 1993-1998 from NAFO catch and effort data. Halliday (1988) derived conversion factors for gear types and vessels classes based on relative catch rates that were used for deriving an integrated effort series for both areas. The conversion factors were estimated from the relative catch rates of cod, haddock, and pollock over a seven-year period across all management units on the Scotian Shelf. Because these species form the bulk of the catch, they were considered a reasonable proxy for overall relative fishing power. Landings data were taken from NAFO Statistical Bulletins; trends in bottom temperature were taken from Zwanenburg et al. (2000) .
The average weight of all specimens of species (i) caught by year was estimated as:
where W ij is the total weight (kg) of species i caught in set j, n ij is the number of i caught in set j, and N is the total number of sets for the year. The average weight of a fish in the survey catch in any year, regardless of species, was estimated as the biomass weighted mean of the average weights for all species; where b i is the biomass proportion of species i in the survey and S is the total number of species for the year and portion of the shelf.
The integrated community size spectrum (ICSS) was estimated annually for each portion of the shelf as the natural logarithm of the density (numbers per hectare) of all demersal fish by 5-cm size class without regard to species. For some species no length frequency data were available, but only total catch weights by set and total number caught. Average weight per individual by set was converted to length assuming length=(100*weight) 1/3 and the numbers caught per swept area were assigned to the corresponding 5-cm class. The natural logarithm of the summed values was then plotted against the midsize of each length group, and the slope of the resulting spectrum was estimated for the length range from 25 to 90 cm.
Results

Reported landings
Total landings of demersal fish (mainly gadids) on the eastern shelf declined from a maximum of 450 000 t in 1973 to less than 15 000 t in 1997 (Figure 2) . A moratorium on fishing, especially for cod (Gadus morhua), was imposed in this area in 1993 and remains in effect. Only longline fisheries for Atlantic halibut (Hippoglossus hippoglossus) and white hake (Urophycis tenuis), and a large trawler fishery for silver hake (Merluccius bilinearis) along the edge of the continental shelf, are now operating on the eastern shelf. For the western shelf, demersal fish landings varied between 70 000 and 110 000 t from 1970 to 1992 and then declined to about 40 000 t at present. The fisheries for the major commercially exploited gadids -cod, haddock (Melanogrammus aeglefinus), and pollock (Pollachius virens) -remain active on the western shelf, although total allowable catches are low relative to historic catches. Since the mid-1980s, there has been a tendency in both systems towards increased landings of formerly less-utilized species, including monkfish (Lophius americanus), cusk (Brosme brosme), white hake, and several species of skate (Raja spp).
Effort
Prior to 1977, numerous foreign vessels fished the Scotian Shelf (mainly the eastern shelf). In 1977, Canada declared a 200-mile exclusive economic zone (EEZ) and excluded foreign fishing vessels. Effort on the western shelf has been 2 to 5 times higher than on the eastern shelf (Figure 3) , and effort in both areas about doubled between 1977 and the late 1980s. In the east, the moratorium on cod fishing in 1993 substantially reduced overall effort owing to very low limits on allowable by-catch of cod in other fisheries (i.e., Atlantic halibut and white hake). Fishing effort on the western shelf continues to increase despite much reduced allowable catches since 1993.
Community metrics
When comparing five years from the early period (1970) (1971) (1972) (1973) (1974) with five recent years (1994) (1995) (1996) (1997) (1998) , average size of commercially targeted demersal fishes declined by 51% (n=5, t=19.8, p<0.001) on the eastern shelf and by 41% (n=5, t=9.48, p<0.001) on the western shelf ( Figure 4) . In both systems, the declines were most rapid from the mid-1980s to the mid-1990s. Spearman rank correlations of mean individual weight and year (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) are significantly negative for 13 out of 17 and 12 out of 16 target species on the eastern and western shelves, respectively (Table 1) . For non-target species, mean weights on the eastern shelf showed no significant change while mean weights on the western shelf decreased by 23% (n=5, t=2.38, p<0.001). Spearman rank correlations between mean weight and year are significantly negative for 3 out of 7 and 2 out of 7 non-target species, respectively. Average weight of both target and non-target fish on the western shelf has been considerably higher than on the eastern shelf. The descending slope of the ICSS for both shelves shows a near-monotonic decrease (increased steepness) from 1977 to 1993 and then stabilizes ( Figure 5 ). Spearman rank correlations between year and slope are significantly negative on the eastern (R= 0.78, p<0.001) and western shelves (R= 0.64, p<0.004). The slope was consistently steeper for the eastern shelf.
Species-specific cpue
On the eastern shelf, Spearman rank correlations (Table 1) for cpue and year (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) are significantly negatively correlated for 7 out of 17 target species. With the exception of Atlantic halibut, red hake, and witch Table 1 for list of species included in each category).
flounder, cpue of the remaining target species declines from the mid-1980s to about 1995. Of the 7 non-target species captured consistently by the survey of the eastern shelf, only two show significant long-term declines. Sandlance (Ammodytes dubius) increased, while the remainder show no significant trends. On the western shelf, long-term declines in cpue are evident for 8 out of 16 target species (Table 1) . Pollock and white hake show more recent declines (mid-1980s to the present) while the remainder show no clear trends. Of 6 non-target species caught regularly on the western shelf, none showed significant long-term declines and 2 show significant long-term increases.
Relation to fishing and bottom temperatures
Prior to the moratorium on the eastern shelf and the restrictions on landings on the western shelf, declines in mean weight of target species were negatively correlated with increasing fishing effort ( Figure 6 ) for both shelves (eastern: Spearman R= 0.60, p=0.012; western: R= 0.72; p=0.001). In the east, the decline in mean size was also positively correlated with decreasing bottom temperatures (R=0.86, p<0.001), while in the west the correlation was negative (R= 0.76, p<0.001).
Following the management actions in 1993, mean weights of target species stabilized. In the east, the 30% reduction in effort resulting from the moratorium was coincident with increasing bottom temperatures and the lowest total landings in 30 years. In the west, effort continued to increase in spite of historically low landings (Figure 2) , and bottom temperatures reached their highest values in 50 years. The slope of the ICSS ( Figure 5 ) shows much the same temporal pattern as average weight. In the east, the slope is not significantly correlated with effort but is positively correlated with bottom temperatures (R=0.79, p<0.001): the slope becomes steeper with colder temperatures. In the west, slope is not correlated with temperature but is negatively correlated with effort (R= 0.75, p<0.001): the slope becomes steeper with increasing effort. fishing effort on the Scotian Shelf following the 1977 implementation of the 200-mile EEZ. They were also coincident with significant changes in average bottom temperature. Reductions in mean size may result from long-term size-selective fishing, reductions in growth rate, or from both. On the eastern shelf, increased fishing effort and decreasing bottom temperature would have acted in concert for selective removal of larger fish and reduction in growth rates, respectively. The observed reductions in average size are consistent with expected results. The reductions in fishing effort following the moratorium in 1993 coincide with increased bottom temperatures. The effects on average size would be complementary by reducing selection of larger fish and increasing growth rates. Although a positive response has not yet been observed, average weight appears at least to have stabilized. On the western shelf, increasing effort acted against a backdrop of increasing bottom temperatures. In this case, effort and bottom temperature should act in opposition. However, average weight has declined despite the highest bottom temperatures in 50 years. This indicates that fishing effort had a greater impact on average size than did bottom temperature. The stability of average weights from 1992 to the present is not consistent with the continued increase in effort but may reflect historically low landings and high bottom temperatures. The steepening of the slope of the ICSS is consistent with declining mean weights of target species because these comprise the largest proportion of demersal fish in both systems. The slope became steeper with declining temperatures in the east and with increasing effort in the west. Gislason and Rice (1998) indicate that this slope is a useful metric of exploitation and may be a linear function of fishing mortality. The lack of correlation with effort in the east or with temperature in the west argues for greater influences of temperature in the east (where effort is lower) and effort in the west (where mean sizes decline despite high bottom temperatures and higher effort). From these observations it is not possible to determine the relative effects of fishing effort and bottom temperature on changes in average weight or increases in the slope of the ICSS. However, we may conclude that fishing has had an impact. Without fishing, the long-term increase in bottom temperatures of the western shelf should not have resulted in the observed declines in weight and community size structure.
Despite two-to five-fold higher effort levels, the effects on the community metrics were less for the western shelf than for the eastern shelf. This disparity may be due to the higher temperatures on the western shelf, which result in higher growth rates of demersal fishes (Campana et al., 1995) . The exceptionally high bottom temperatures during the latter part of the period may have further reduced the impact of fishing. Also, reductions in average size were more prevalent in target than in non-target species and the average size of the latter decreased less than for target species. The differential response of target and non-target species deviates from the uniform decrease in mean size across all species reported by Haedrich and Barnes (1997) for the Grand Banks and argues for an impact of fishing over and above those resulting from environmental changes.
Trawlable demersal biomass in the two systems is at or near the lowest values observed (Zwanenburg et al., 2000) . Interpretation of trends in aggregate cpue must consider the potential effects of the different catchabilities of the composite species because such differences will bias aggregate estimates toward species with the highest catchability. Cpue trends were examined for individual species to determine if declines in aggregate cpue were being driven by one or two species. Over the period considered, cpue of most target species on the eastern shelf declined, and more than half of the target species on the western shelf declined (Table 1) . Few non-target species showed long-term declines in cpue in either system. These results show that the current low cpue in both systems is the result of declines in many, mainly commercially targeted, species. Of the 25 target species that showed declines in average weight, 12 also showed long-term declines in biomass. If some densitydependent processes govern average weight, continued low effort in the east and restricted landings in the west, coupled with high or increasing temperatures in both systems, should allow for rapid restoration of the size structure.
Both numbers of large fish and the average size of all fish have declined during the last 30 years in both systems. The reduction of large fish might have negative impacts on the reproductive capacity of many species. Recent work on cod by Trippel et al. (1997) indicates that smaller, first-time spawners are far less successful in producing viable eggs than are larger, more experienced spawners. Reductions in mean size could therefore reduce the overall spawning success of cod and similar species. Furthermore, Longhurst (1999) postulates that some temperate demersal fishes, such as cod and other gadids, rely on the longevity and size of mature individuals to bridge the long gaps between years of successful reproductive bouts. Cod may reach sizes up to 200 cm and live for 25 years or more. The diminutive specimens that now constitute the majority of these populations are not likely to have such bridging powers. Given that recruitment success in many north-temperate species is highly variable, the observed declines in mean body size and the reduction in the abundance of larger (older) specimens may have significant implications for the ability of these populations to rebuild or sustain themselves in the long term.
